In this work, we present photocatalysis as a greener alternative to conventional catalysis where harsh reaction conditions, temperature and/or pressure are needed. Photodegradation of organic pollutants is a cost-effective, eco-friendly solution for the decontamination of water and air, and is a field that has been continuously growing over the last decade. Plasmonic metal nanoparticles absorb light irradiation that is transferred to the chemical reaction in a different fashion. Furthermore, plasmonic nanostructures can be combined with other materials, such as semiconductors or a basic support, to create hybrid systems capable of overcoming certain challenges that photocatalysis is facing nowadays and to expand the photocatalytic response towards the whole visible-near infrared (Vis-NIR) ranges. The main objective of this work has been to in-situ synthesize plasmonic anisotropic gold nanoparticles onto hydrotalcite (HT) and calcined hydrotalcite (CHT) supports by way of a sequential deposition-reduction (DR) process and to evaluate their efficiency as heterogeneous catalysts towards the selective oxidation of p-nitrophenol (hereafter 4-NP), a well-known model contaminant, either in the absence or the presence of full-range light irradiation sources (LEDs) spanning the whole UV-Vis-NIR range. Special attention has been paid to the optimization of the catalyst preparation parameters, including the pH and the concentration of reducing and stabilizing agents. Interestingly, the use of thermally modified hydrotalcites has enabled a strong metal-support interaction to induce the preferential formation of triangular-shaped Au nanoparticles with ca. 0.8 wt.% loading while increasing the colloidal stability and surface area of the catalyst with respect to the commercial untreated HT supports.
Introduction
Chemical and petrochemical industries produce an extensive range of harmful and highly toxic organic contaminants such as phenols or CO x [1, 2] . So far, the removal strategy has been to develop catalysts that promote or activate chemical reactions that often require the use of toxic and aggressive chemical oxidants, chromates and permanganates among them, generating toxic by-products as a result of the pollutant decomposition process [3] . The interest of the scientific community is shifting towards the development of greener alternatives [4] . Photocatalysis is a promising technology that obtains the energy required to activate the pollutant degradation from solar [5] or artificial light [6] and take advantage of semiconductors materials and metal nanoparticles to trigger different mechanisms that promote the degradation. Since the catalytic properties of metal nanoparticles are usually size and shape-dependent [5] , the ability to control sizes and morphologies of the nanoparticles has become an important research area in nanomaterials science. Although the number of potential possibilities with nanomaterials is endless, nanostructured hybrid catalyst, plasmonic metal nanoparticles and quantum dots stands out as three of the most promising nanostructures for many important applications [7, 8] .
Gold-based metallic nanoparticles turn catalytically active in numerous reactions when they are well dispersed on metal oxides. Although research of gold catalysts has been mainly focused on the influence of the size of Au particles, they also exhibit other appealing optical characteristics such as plasmonic properties. In this regard, Au has prompted tremendous research interest in the past decade because of its surface plasmon resonance. Localized surface plasmonic resonance (LSPR) is a specific phenomenon that specially applies to metallic nanostructures whose "cloud" of electrons located at the surface oscillates with maximum amplitude when is excited by light of a specific matching wavelength. The LSPR can be tuned by tailoring some parameters of the nanoparticles, such as size, shape, distance between plasmonic particles and the nature of the surrounding medium. As a general rule, bigger nanoparticles as well as more complex morphologies lead to longer red shifted absorptions in the LSPR. In fact, there are currently great research efforts on the photocatalytic field to shift the absorption capabilities and span the photo-response of catalysts towards the visible-NIR range, thereby maximizing the use of natural sunlight as a green and clean energy source [9] [10] [11] .
Hydrotalcite compounds, or layered double hydroxides (LDHs), are a special group of materials among anionic clays the structure of which is based on brucite layers Mg(OH) 2 [12] where trivalent cations have replaced some divalent cations. The positive charge generated for the trivalent cations in the structure is compensated by interlayer anions placed between the brucite-like layers. This type of materials has been widely used in heterogeneous catalysis as a basic support for other materials like gold, silver and so forth . . . [13] [14] [15] [16] , or acting as the sole catalyst of the reaction [17] [18] [19] . Xiao et al. [15] supported Au nanoparticles on HT and modified the structure of the catalyst with several metals in order to change the selectivity of the nitro-aromatic compounds reduction reaction. Furthermore, Santos Arcanjos and co-workers have recently synthesized a hybrid catalyst with TiO 2 on HT and doped with iron oxide for the treatment of waste water from mills. The authors not only achieved excellent removal rates of pollutants but also a good recyclability of the catalyst due to the magnetic properties provided by the iron oxide doping species [14] .
Heterogeneous catalytic degradation of organic pollutants is an effective strategy for water treatment [20, 21] . Metal supported catalysts favour the heterogeneous catalysis in several ways. Due to their small size the nanoparticles enhance the adsorption of molecules compared to bulk metals as they have a much greater surface to volume ratio. The reactivity of the species adsorbed is also enhanced since metal nanoparticles possess a high Fermi energy level to diminish the reduction potential of the reaction. Thus, metal nanoparticles can work as active catalysts for many redox reactions and have become an important field of research in catalysis. Even though catalytic metal nanoparticles have brought new possibilities to the field of catalysis some disadvantages associated to regular catalysis remain opened. The main reason strives on the fact that the energy demanded to activate the catalytic reaction is usually provided by temperature and/or pressure.
Photocatalysis is a greener approach within the catalysis field, which stands up for the use of light, like solar energy, as the energetic vector driving the chemical reaction. Photodegradation of organic contaminants by photocatalysts is a cost-effective, eco-friendly and effective solution for water and air decontamination. Plasmonic nanoparticles under light irradiation can trigger different powerful mechanisms for the oxidation or reduction of pollutants. The photocatalytic reactions are highly dependent on the catalyst's light absorption properties, surface area, energy band level and the charge separation behaviour of the photocatalyst. The beneficial plasmonic effect on photocatalysts has been well proven [22] . Under plasmonic excitation, the elevated electromagnetic field increases the generation rate of energetic charge carriers, resulting in a higher probability of charge-transfer involved (i.e., redox) reactions [17] . Remarkable efforts have been made to enhance the efficiency and stability of the catalyst in order to reach higher efficiency. Such efforts have been directed towards better morphology control of nanoparticles, separation of generated charge carriers and innovative hybrid structures [23] .
4-Nitrophenol (4-NP) is a chemical pollutant present in industrial effluents and agricultural wastewaters [24, 25] . There are different strategies devoted to 4-NP removal from water [26] . Among them, the selective reduction to 4-NP is one the simplest and more efficient methods and a way to reduce costs in industry since 4-Aminophenol (4-AP) has different applications in pharmacological industry, for instance for the preparation of paracetamol and acetanilide [27] . However, it is kinetically restricted in the absence of a catalyst [28] . In addition to its industrial importance, the 4-NP reduction to 4-AP in the presence of a large excess of NaBH 4 has become one of the most used models for the study of the catalytic activity of gold nanoparticles so we chose that reaction to test our synthesized materials in the presence of different LEDs irradiating at different wavelengths [27, 29, 30] . The main objective of this work has been three-fold: (i) to develop a novel synthesis strategy to generate gold-based nanostructures with anisotropic shapes, including triangular nanoplates or nanoprisms in situ decorated onto commercial hydrotalcite supports; (ii) improve the stability of the catalysts on thermally modified hydrotalcite supports; and (iii) to evaluate their role as full-spectrum plasmonic photocatalysts towards the selective reduction of nitrophenols upon irradiation of different light emitting diodes (LEDs) in the UV-vis-NIR ranges.
Results and Discussion

Evaluation of the Synthesis Parameters for the In-Situ Generation and Deposition of Gold-Based Anisotropic Nanoparticles onto Hydrotalcite Supports
It has been previously demonstrated that basic environments using NaOH may favour the formation of triangular-shaped gold nanostructures (hereafter GNT) in aqueous solution [31] . Therefore, hydrotalcite ( Figure 1a ) was selected in first place to explore the critical role of pH as an influencing parameter due to its stability under alkaline conditions [32] . The synthesis of gold nanoparticles has been thoroughly addressed in the materials and methods section and included the use of increasing concentrations of NaOH 0.5 M to adjust the pH of the initial suspensions from 10 to 13 while keeping a fixed ratio of sodium borohydride at 2.1 mM as reducing agent. In a second set of experiments, the molar ratio of reducing agent was systematically increased (see Experimental Section for further details). All the resulting suspensions were monitored by UV-Vis spectroscopy (Figure 1b ,c) and transmission electron microscopy (TEM) analysis. Figure 1d -g show that the pH variation plays a critical role to induce the formation of Au anisotropic nanoparticles on HT. A clear difference in the final shape of the Au NPs was observed at higher pH values (Figure 1d ,e). In this latter scenario, an increasing presence of triangular-shaped nanostructures was clearly observed by TEM analysis (sample will be named hereafter as Au-HT (T). In contrast, when the pH was adjusted to pH values slightly higher than the ones naturally obtained in the presence of the HT, a major presence of spherical Au NPs was detected (Figure 1f ,g and sample named as Au-HT (M)).
Increasing the pH from 10 to 13 also led to a progressive red-shift of the SPR maximum (Figure 1b,c) . The samples in which Au nanospheres were preferentially formed exhibited a peak near to the typical 530 nm SPR reported for small Au nanoparticles with sizes above 2 nm (Figure 1c ) [33] . However, a red shift of the Au SPR could be observed due to the formation of anisotropic Au nanoparticles (10.8 ± 2.9 nm) (mostly planar gold nanotriangles) in the HT surface as shown in the TEM images displayed in Figure 1b) . Even though SPR for larger triangular gold nanoprisms (GNT) have been extensively reported to be in near infrared (NIR) range [31] , the small size of the synthetized nanoparticles yielded an absorption band close to 550 nm (see Figure 1b) . Anisotropic gold nanoparticles groups divided into triangles, spheres and rhombohedral particles (the latter in a Figure 1 . Evaluation of the pH conditions on the synthesis of gold decorated hydrotalcites: (a) Scheme depicting the structure of the hydrotalcite selected as anionic clay support with a well-known stability under alkaline conditions. The layered double hydroxide is based on brucite layers Mg(OH)2 alternated with Al 3+ cations [9] that have replaced some divalent sites. The positive charge generated for the trivalent cations in the structure is compensated by interlayer anions placed between the brucite-like layers; (b) UV-Vis spectrum corresponding to the Au/HT (T) sample synthesized at pH = 12.5 (inset: transmission electron microscopy (TEM) image of gold aggregates contributing to the enhanced absorbance at higher wavelengths); (c) UV-Vis spectrum corresponding to the Au/HT (M) sample synthesized at pH = 10 (inset: TEM image displaying some of the gold aggregates contributing to the scattering observed at higher wavelengths in the UV-Vis spectrum); (d,e) Representative TEM images of the Au/HT (T) sample with a preferential formation of triangular-shaped Au NPs; (f,g) Representative TEM images of the Au/HT (M) sample with a major presence of pseudo-spherical Au NPs.
The effect of the NaBH4 concentration in the formation of anisotropic nanoparticles was also systematically evaluated after fixing the pH at 12.5 as the most suitable alkaline conditions to promote the preferential formation of GNTs. We found that upon adding a 1:1.8 ratio HAuCl4:NaBH4 (see Figure 2 and also the Experimental section for further details) the proportion of GNTs reached a maximum yield that decreased above and below such concentration of reductant. In this latter series, SPR maxima were restricted within the 550-560 nm wavelengths (Figure 2a-c) with additional absorbance in the NIR region mainly attributable to the scattering of bigger aggregates (see insets in Figure 2a-c) . TEM analysis confirmed that the lower concentration of reducing agent (2.1 mM) rendered the major fraction of triangular-shaped gold NPs with average lengths × widths of ((11.5 ± 3.9) × (4.7 ± 2.0)) nm (Figure 2d,e) . In contrast, the use of higher concentrations of NaBH4 during the synthesis progressively led to the formation of more planar structures of bigger dimensions ( Figure  2f,g ) and/or the appearance of more pseudo-spherical NPs (Figure 2h,i) . In addition, the presence of Figure 1 . Evaluation of the pH conditions on the synthesis of gold decorated hydrotalcites: (a) Scheme depicting the structure of the hydrotalcite selected as anionic clay support with a well-known stability under alkaline conditions. The layered double hydroxide is based on brucite layers Mg(OH) 2 alternated with Al 3+ cations [9] that have replaced some divalent sites. The positive charge generated for the trivalent cations in the structure is compensated by interlayer anions placed between the brucite-like layers; (b) UV-Vis spectrum corresponding to the Au/HT (T) sample synthesized at pH = 12.5 (inset: transmission electron microscopy (TEM) image of gold aggregates contributing to the enhanced absorbance at higher wavelengths); (c) UV-Vis spectrum corresponding to the Au/HT (M) sample synthesized at pH = 10 (inset: TEM image displaying some of the gold aggregates contributing to the scattering observed at higher wavelengths in the UV-Vis spectrum); (d,e) Representative TEM images of the Au/HT (T) sample with a preferential formation of triangular-shaped Au NPs; (f,g) Representative TEM images of the Au/HT (M) sample with a major presence of pseudo-spherical Au NPs.
The effect of the NaBH 4 concentration in the formation of anisotropic nanoparticles was also systematically evaluated after fixing the pH at 12.5 as the most suitable alkaline conditions to promote the preferential formation of GNTs. We found that upon adding a 1:1.8 ratio HAuCl 4 :NaBH 4 (see Figure 2 and also the Experimental section for further details) the proportion of GNTs reached a maximum yield that decreased above and below such concentration of reductant. In this latter series, SPR maxima were restricted within the 550-560 nm wavelengths ( rendered the major fraction of triangular-shaped gold NPs with average lengths × widths of ((11.5 ± 3.9) × (4.7 ± 2.0)) nm (Figure 2d ,e). In contrast, the use of higher concentrations of NaBH 4 during the synthesis progressively led to the formation of more planar structures of bigger dimensions (Figure 2f,g ) and/or the appearance of more pseudo-spherical NPs (Figure 2h ,i). In addition, the presence of randomly distributed bigger aggregates became more relevant in the latter conditions (see Figure 2c ) thereby suggesting the lack of shape control in a fraction of the gold NPs in situ deposited with the higher concentrations of reducing agent. ICP analyses confirmed that the gold loading was closed to 0.8 wt.% in all cases (72% reaction yield). randomly distributed bigger aggregates became more relevant in the latter conditions (see Figure 2c ) thereby suggesting the lack of shape control in a fraction of the gold NPs in situ deposited with the higher concentrations of reducing agent. ICP analyses confirmed that the gold loading was closed to 0.8 wt.% in all cases (72% reaction yield). The preliminary catalytic tests with the Au-HT (T) selected sample towards the selective reduction of 4-nitrophenol (4-NP) into 4-aminophenol (4-AP) were not reliable and were accompanied by a wide margin of error (see Figure S1a ). We attributed this lack of reproducibility to The preliminary catalytic tests with the Au-HT (T) selected sample towards the selective reduction of 4-nitrophenol (4-NP) into 4-aminophenol (4-AP) were not reliable and were accompanied by a wide margin of error (see Figure S1a) . We attributed this lack of reproducibility to the poor colloidal stability of the HT in the aqueous media (see Figure S1b) . Therefore, additional modifications were required in order to take advantage of these novel catalysts (vide infra).
Gold Catalysts onto Thermally Treated Hydrotalcite Supports
In order to modify the HT support, we were inspired by the theoretical study carried out by Molina and Hammer [34] that explained the growth of Au onto MgO surfaces preferentially forming 3D planar assemblies. Likewise, previous works in the literature [35] reporting that thermal treatments of HT may induce Al migration into inner layers of the structure to form a stable Mg(Al)O mixed oxide enriched with MgO in the external layers were also taken into consideration. The commercial unmodified HT supports were subjected to moderate thermal treatments (see Experimental Section for further details). X-ray diffraction (XRD) analysis displayed in Figure 3 showed the main differences between the original HT and the calcined (CHT) supports. Commercial unmodified HT and Au/HT samples showed diffraction peaks at 7.59(d003), 3.84(d006), 5.28(d009), (d015), (d018), (d110), (d113), (d116), similar to those previously reported in the literature [32] . The diffraction at 7.59 degrees correlates with the distance between layers. The intensity of the signal indicates the crystallinity grade of the HT. If a hexagonal structure is assumed, the unit cell parameters a and c are obtained by Bragg's law (Table 1) , where c is three times the interlayer distance (003) and a the average distance between the cations in the interlayer [17] . XRD analysis of Au/HT samples indicated that the deposition-reduction (DR) method to in situ deploy the gold NPs did not affect the crystalline structure of the support (Figure 3a,b) . In contrast, the XRD data of thermally treated support (CHT) corroborated the effective collapse of the HT structure turning into a mixed oxide phase, which holds a MgO-like structure [36] , with diffraction peaks at 2θ 35 • (111), 42 • (200) and 63 • (220) (Figure 3a-c) . The resultant material exhibited a higher surface area of 244 m 2 /g (Table 1 ) upon losing the interlayer with water molecules, the hydroxyl and carbonate groups which evolved to H 2 O and CO 2 above 200 • C. Interestingly, the MgO-like structure was able to partially recover its layered assembly, turning into a hydrotalcite-like phase again, when hydrated at basic pH as evidenced by the XRD (Figure 3a-d) . The regeneration of the hydrotalcite structure has been endorsed to the presence of water molecules and hydroxyl groups present in the basic water media compensating the metal-positive charged layers.
This hypothesis was further sustained by XRD ( Figure 3 ) and FTIR analysis of the samples (see Figure S2) . that confirmed the partial rehydration of the CHT supports after resuspension in alkaline water and the presence of a broad OH band at 3420 cm −1 ( Figure S2c ) non-previously detected in the solid CHT prior to rehydration ( Figure S2b ). This broad band is attributable to the O-H stretching vibration of the metal hydroxide layer water molecules intercalated within the sheets. These results could be explained on the basis of the memory effect previously described for calcined hydrotalcites [37] . Following this memory effect, HT rehydrates and recovers its sheet-like structure back again in the presence of water. Even though in the absence of anions, which could be balancing the positive charge of the sheets, the structure was not as crystalline as the original counterpart prior to the thermal treatment. FTIR analysis further confirmed the transformation of the hydrotalcite phase into a high surface area Mg(Al)O mixed oxide during the thermal treatment at 550 • C (see BET values in Table 1 ). The removal of CO 2 during the decomposition led to the formation of substantial porosity within the CHT structure. A shoulder close to 3200 cm −1 is attributed to the interaction between the CO 3 2− -H 2 O molecules present in the interlayer region [12] . The bending vibration of the water in the interlayer is also appreciated in the broad bands at 1637 cm −1 ( Figure S2 ). The strong absorption peak at 1359 cm −1 can be assigned to the vibration of CO 3 2− . The band characteristic of metal-oxygen bond M-O stretching appears near 700 cm −1 . The sharp peaks in the 500-700 cm −1 range are produced by several lattice vibrations associated to metal hydroxide layers [12] . Therefore, FTIR confirmed the effective elimination of the interlayer water and carboxyl groups and the surface hydroxyl groups. It also corroborated the partial reconstruction of the CHT structure after rehydration in basic aqueous media ( Figure S2 ).
Catalysts
at 1359 cm −1 can be assigned to the vibration of CO3 2− . The band characteristic of metal-oxygen bond M-O stretching appears near 700 cm −1 . The sharp peaks in the 500-700 cm −1 range are produced by several lattice vibrations associated to metal hydroxide layers [12] . Therefore, FTIR confirmed the effective elimination of the interlayer water and carboxyl groups and the surface hydroxyl groups. It also corroborated the partial reconstruction of the CHT structure after rehydration in basic aqueous media ( Figure S2 ). Phase segregation induced upon thermal treatment was also evaluated by X-ray photoelectron spectroscopy (XPS) and TEM analysis. According to previous reports on the literature [35] Al migrates to inner layers of the structure while collapses and a stable Mg(Al)O mixed oxide is surrounded by more external layers of a MgO-rich layered phase. This assumption was corroborated by the results of XPS analysis summarized in Table 2 with higher Mg/Al ratio on CHT than over the commercial unmodified HT. XP spectra corresponding to Au 4f could not be properly evaluated due to the limited metal loading of the samples and because of the interference of Mg 2s signal. TEM and HAADF-STEM-EDX analysis of the CHT and Au-CHT samples revealed in first place a very good dispersion of the Au NPs (Figure 4a ) and that the triangular shape was successfully maintained (Figure 4b,c) . Furthermore, a sort of hierarchically organized core-shell structure containing an enriched fraction of Mg in the outer layers was observed by STEM and TEM analysis (Figure 4d,e) . Interestingly, the analysis of the chemical composition by EDX rendered an enriched Phase segregation induced upon thermal treatment was also evaluated by X-ray photoelectron spectroscopy (XPS) and TEM analysis. According to previous reports on the literature [35] Al migrates to inner layers of the structure while collapses and a stable Mg(Al)O mixed oxide is surrounded by more external layers of a MgO-rich layered phase. This assumption was corroborated by the results of XPS analysis summarized in Table 2 with higher Mg/Al ratio on CHT than over the commercial unmodified HT. XP spectra corresponding to Au 4f could not be properly evaluated due to the limited metal loading of the samples and because of the interference of Mg 2s signal. TEM and HAADF-STEM-EDX analysis of the CHT and Au-CHT samples revealed in first place a very good dispersion of the Au NPs (Figure 4a ) and that the triangular shape was successfully maintained (Figure 4b,c) . Furthermore, a sort of hierarchically organized core-shell structure containing an enriched fraction of Mg in the outer layers was observed by STEM and TEM analysis (Figure 4d,e) . Interestingly, the analysis of the chemical composition by EDX rendered an enriched Mg composition in the outer layers in comparison with the inner areas (Figure 4d-g ). Elemental mappings with sufficient counts could not be properly acquired due to the damage induced by the electron beam probe. Mg composition in the outer layers in comparison with the inner areas (Figure 4d-g ). Elemental mappings with sufficient counts could not be properly acquired due to the damage induced by the electron beam probe. It is also worth pointing out that the suspension and stability of the Au/CHT catalysts was strongly enhanced in comparison with the Au/HT counterparts. This stability was also reflected on the corresponding UV-Vis spectra that show well defined SPR in the Au/CHT samples (Figure 4h ) in contrast with the samples deposited on HT that exhibited a broader band extended towards the NIR range associated to absorption events produced by larger nanoparticle agglomerates (see insets in Figures 1, 2 and 4h) . The SPR maximum redshifted to 585 nm in the sample where more GNT were expected (Figure 4h ). It is also worth pointing out that the suspension and stability of the Au/CHT catalysts was strongly enhanced in comparison with the Au/HT counterparts. This stability was also reflected on the corresponding UV-Vis spectra that show well defined SPR in the Au/CHT samples (Figure 4h ) in contrast with the samples deposited on HT that exhibited a broader band extended towards the NIR range associated to absorption events produced by larger nanoparticle agglomerates (see insets in Figures 1, 2 and 4h) . The SPR maximum redshifted to 585 nm in the sample where more GNT were expected (Figure 4h) .
Remarkably, it seems that the HT support plays a key role itself in the in-situ reduction deposition of anisotropic gold nanoparticles. Molina and Hammer [34] proposed a theoretical study where their explanation about the growth mechanism of Au over MgO matches with the experimental results described in this work. In their study, the authors established O sites as the most favourable sites for Au atoms to deposit. They proposed that Au 3 binds in a perpendicular fashion with two Au atoms on top of two surface O atoms and the third Au atom on top of them, favouring the growth of 3D planar assemblies (Figure 4i ). In the absence of the support and under the conditions above described, the reduction deposition route led to large round shape Au nanoparticles in first instance, which coalescence and form aggregates overtime [38, 39] and in part corroborating the Au nanoparticle stabilization effect of the layered hydroxides (especially the MgO enriched CHT) previously envisioned in bibliography for MgO.
Evaluation of Selected Plasmonic Photocatalysts towards the 4-NP Selective Reduction under LED Irradiation
As previously pointed out (see Figure S1 ), HT based photocatalyst were not suitable for photocatalytic reactions in water due to their high aggregation that induced low reproducibility in the results. A systematic evaluation of the catalytic response of Au/CHT samples towards the selective reduction of 4-NP into 4-AP (Figure 5a ) was carried out given their enhanced colloidal stability in aqueous media in comparison with the Au/HT counterparts. Two catalyst types were selected on the basis of their lower or higher proportion of triangle-shaped Au NPs after being prepared at different pH conditions. Furthermore and taking into account the plasmonic nature of most of the gold nanostructures decorating the CHT supports, an additional parameter was studied, such as the influence of the irradiation with different LEDs with wavelengths ranging from the UV (365 nm), visible (530 and 590 nm) and NIR (850 nm) (see Figure 5b-d) . For the sake of clarity, the conversion of 4-NP has been displayed for all the catalysts and reaction conditions (without and with LED irradiation) at a selected reaction time of 15 min (see Figure 5d and Experimental section for further details). According to the control experiment conditions, in the absence of catalysts (irradiated or not) the concentration of 4-NP remained constant except for the experiments carried out under UV irradiation (see Figure 5d) . Therefore, any reaction change could be addressed to the activity of the catalyst or the light irradiation (or a combination of both).
The selective reduction of 4-NP in the presence of Au is usually preceded by an induction time of several minutes. This induction time has been previously attributed to the presence of O 2 in the solution. NaBH 4 reacts faster with the oxygen in excess than with the 4-NP [22] . The activation time in our experiments, if any, was very short, mainly in the case of the experiments photo-activated with UV irradiation where no activation time could be appreciated, supporting the idea that direct photolysis of the 4-NP is occurring at that specific wavelength. UV irradiation led to the most efficient degradation of the contaminant even in the absence of any catalyst (Figure 5d ). This fact can be attributed to the abundant powerful oxidant hydroxyl radical generated by the water base under such irradiation [40] or to direct photolysis of the 4-NP due to the high irradiance of the LEDs used. 4-NP direct photolysis upon irradiation with similar wavelengths has been previously reported. The mechanism was studied using nanosecond flash photolysis exciting with a 355 nm pulsed laser and it is proposed to take place via the formation of hydroxyl amine by electron transfer to the triplet excited state of the nitrophenol [41] . Significant differences on the degradation rates were especially observed under UV-Vis irradiation. Possible explanations will be discussed further below. The conventional catalytic reductions (i.e., under no LEDs irradiation) showed good results leading to the complete conversion of the organic pollutant by both Au/CHT M and Au/CHT T although those results were not competitive in terms of kinetic rate constant k (min −1 ) reported for other Au/HT systems operating in the absence of irradiation sources [42] . However, when irradiated the kinetic rate constant increased sharply, around an order of magnitude, regardless of the LED selected (in the visible-NIR range, see Figure 5c and Figure S3 ). Especially noteworthy was the increment of the reaction rate under UV irradiation reaching k = 0.6627 min −1 similar to results obtained by other groups for the catalytic degradation of 4-NP [32] .
The differences in the kinetic orders of decomposition under the different irradiation scenarios have been tentatively attributed to two major reasons: (i) the differences on the specific amount of absorbed light by Au nanoparticles to favour a major mobility of absorbed reactants onto its surface and (ii) the different photocatalytic degradation rates of intermediates on the surface of the catalyst due to the effective generation and separation of highly energetic charge carriers [40] . Photocatalytic activity of the support either HT or CHT was discarded due to their elevated band gap energies of 5.06 and 5.4 eV, respectively [36] . The experimental results showed a substantial increment in the The conventional catalytic reductions (i.e., under no LEDs irradiation) showed good results leading to the complete conversion of the organic pollutant by both Au/CHT M and Au/CHT T although those results were not competitive in terms of kinetic rate constant k (min −1 ) reported for other Au/HT systems operating in the absence of irradiation sources [42] . However, when irradiated the kinetic rate constant increased sharply, around an order of magnitude, regardless of the LED selected (in the visible-NIR range, see Figure 5c and Figure S3 ). Especially noteworthy was the increment of the reaction rate under UV irradiation reaching k = 0.6627 min −1 similar to results obtained by other groups for the catalytic degradation of 4-NP [32] .
The differences in the kinetic orders of decomposition under the different irradiation scenarios have been tentatively attributed to two major reasons: (i) the differences on the specific amount of absorbed light by Au nanoparticles to favour a major mobility of absorbed reactants onto its surface and (ii) the different photocatalytic degradation rates of intermediates on the surface of the catalyst due to the effective generation and separation of highly energetic charge carriers [40] . Photocatalytic activity of the support either HT or CHT was discarded due to their elevated band gap energies of 5.06 and 5.4 eV, respectively [36] . The experimental results showed a substantial increment in the reaction kinetics of 4-NP degradation, not only using UV light but also under Vis and NIR irradiation wavelengths in the presence of the plasmonic photocatalysts, which indicated the effectiveness of this type of catalyst under a wide range of electromagnetic irradiation. Under UV irradiation, 4-NP was also reduced without catalyst. As mentioned before, two different mechanisms could be involved in this reaction. 4-NP could react with hydroxyl radicals generated in the basic aqueous media under UV irradiation, although usually high energy radiation is needed in order to generate those radicals directly from water [40] . Likewise, the potential oxidizing role of the photo-generated holes cannot be completely discarded. In contrast, direct photolysis of 4-NP seems a more plausible option in view of the energy demand claimed in previous works [41] . Hence, the fact that no induction time is observed in the absence of catalyst further reinforces the hypothesis of the direct photo-degradation of 4-NP by UV light. Figure 5c ,d shows the kinetics of the experiments carried out with the catalyst Au/CHT T using different irradiation wavelengths. Differences in the kinetic rates between catalyst Au/CHT M and Au/CHT T under visible light irradiation could be attributable to the specific light absorption efficiency for each catalyst (Figure 5c ,d) at a certain wavelength being for Au/CHT M higher at 850 nm irradiation (Figure 5d and Figure S3 ) and lower at 590 nm respect to the absorbance of the catalyst Au/CHT T. This different behaviour could be attributable to the presence of a higher concentration of small gold triangles in the Au/CHT T catalyst, which will make it more effective under irradiation with wavelengths matching with its plasmon band.
The increment of the kinetic rate constant with Au/CHT T under UV irradiation may be also in part explained by the higher ratio of GNTs present in this catalyst. The geometry of GNT is governed by the preferential appearance of (111) facets which are expected to show negligible activity due to lack of defects in its surface [22] . Thus, catalytic activity must be carried out by the smaller facets (100) corners and (110) triangle thickness or the highly under-coordinated Au sites at the sharp facet's intersections. These corners may form Schottky barriers in the interface with the solid helping to avoid the recombination of carriers generated upon excitation and thus increasing the photocatalytic activity [10, [43] [44] [45] . The contribution of GNT to the photocatalysts at visible and infrared wavelength may be provided by the concentration of plasmonic near-field enhancement at the triangle corners creating highly energetic hot spots [31, [45] [46] [47] . Also, UV light has been previously reported to work very well for the degradation of pollutants in gold nanoparticles through an interband transition mechanism [45, 48] . Due to the high activity shown by both catalysts at that wavelength, a contribution of interband transitions cannot be ruled out.
Materials and Methods
Chemicals
All chemicals were used as received, unless otherwise stated. Gold The Au/HT catalysts were prepared using a sequential Deposition-Reduction (DR) approach. In first place, HT or CHT (1 g) were dispersed in distilled water (40 mL) after adjusting the pH of the solution with Na(OH) 0.5 M to reach basic values between 10 and 13 to improve its colloidal stability and mimic the conditions of the catalytic tests. In a typical synthesis, the mixture was stirred for 10 min until the support was suspended. Afterwards, 3 mL of solution containing HAuCl 4 (1.2 mM) was added dropwise. After stirring for 20 min, the yellow suspension turned white and 2 mL of sodium citrate solution (1.6 mM) was added to the mixture. After stirring for 30 min, a fresh NaBH 4 (different concentrations from 1 to 11 mM) solution prepared just before de addition was added. Upon NaBH 4 addition the solution turned from light pink to deep bluish purple depending on the different synthesis conditions. The resultant suspension was filtered through a filter paper (20 µm porous size) under vacuum and washed with warm (60 • C) water and ethanol. The catalysts were dried overnight at 60 • C in an oven.
Characterization Techniques
The specific surface area of the samples was determined by absorption with a Micromeritics TriStar 3000 V6.08 A (Norcross, GA, USA) at −196 • C following degassing at 200 • C. The compositions of the samples were identified by inductively coupled plasma analysis (ICP) using an Agilent 4100 MP-AES (Santa Clara, CA, USA). Samples were first digested with agua regia (1 g catalyst/0.5 mL agua regia) in a Milestone Ethos Plus (Sorisole, Italy), in which they were heated up to 200 • C for ten minutes. X-ray diffraction patterns for determining the crystal structure of the samples were obtained using an Empyrean, PANalytical diffractometer (Royston, UK), scans were taken with CuKα radiation at 2θ intervals of 0.005 • with collection times of 5 s. Ultraviolet visible (UV-VIS) absorption spectra were recorded using a Jasco V-670 UV-VIS-NIR Spectrophotometer (Tokyo, Japan), analysing the catalyst in solid state with an external accessory. The absorption spectra were measured from 300 to 1200 nm. Transmission electron microscopy (TEM) and High-Angle Annular Dark-Field (HAADF-STEM) images were acquired at the Laboratorio de Microscopias Avanzadas (LMA) (Zaragoza, Spain) with the aid of different microscopes (FEI, Tecnai T20, F30, Low-base, Cube models, (Hillsboro, OR, USA) which in some cases included aberration corrector lenses. Samples were suspended in ethanol under ultrasonic treatment and then a drop of the solution was deposited onto a Cu mesh grid using a pipette and leaving the solvent to evaporate. The particle size distribution was determined by counting ≈100 particles out of the pictures. The geometric aberrations of the probe-forming system were controlled to allow a beam convergence of 24.7 mrad half-angle to be selected. Elemental analysis was carried out with EDS (EDAX) detector which allows performing EDX experiments in scanning mode. The X-ray photoelectron spectroscopy (XPS) analysis was carried out with the aid of XPS Axis Ultra DLD (Kratos Tech., San Diego, CA, USA) equipment and exciting was carried out by the mono-chromatized AlKα source (1486.6 eV) at 15 kV and 10 mA.
Photocatalytic Reaction Tests
Catalytic evaluation in liquid phase: was monitored through UV/Visible spectrophotometry with a Varian Cary ® 50 UV-Vis Spectrophotometer (Santa Clara, CA, USA). Since 4-NP has a broad absorption band at 317 nm which overlaps with the formed reaction product (4-aminophenol, 4-AP) at 302 nm, the reaction was monitored by the decrease of the strong peak at 400 nm which corresponds to the reaction intermediate 4-nitrophenolate anion. The experiments were carried out in alkaline media to displace the 4-NP/nitrophenolate equilibrium and eliminate the activation time of the reaction associated with the 4-NP/4-NP phenolate equilibrium [27] . UV-Vis spectra of initial species can be seen in Figure 4d . All solutions in the experiment were prepared from a stock pH 9.5 water solution. To a solution of 1.7 mL 4-Nitrophenol (C = 0.18 mM) and 1 mL freshly prepared NaBH 4 (C = 15 mM) a 300 µL suspension of Au/HT or Au/CHT catalyst (0.05 mM of Au) was added. The reaction mixture was diluted with 3 mL of water and transferred into a 3 mL quartz cuvette. The quartz cuvette was then placed inside the spectrophotometer where it remained in the dark along the experiment. The absorption spectra were measured in the range of 250-600 nm. The kinetics of the reduction process was calculated measuring the absorbance of the 4-nitrophenolate ion at 400 nm as a function of time. To study the photocatalytic effect, the same experiment was carried out irradiating the quartz cuvette with two fan-refrigerated Light Emitting Diodes (LEDs). The LEDs illuminated both sides of the cuvette with excitation wavelengths ranging from 365 nm to 850 nm and the experimental set up was covered with a black box to assure that the only light reaching the sample came from the selected LEDs (see Figure 5 ).
Conclusions
A synthesis of a hybrid photocatalyst composed of gold nanotriangles supported on different hydrotalcites has been successfully developed. The control of the shape and size of the gold nanoparticles has been demonstrated to be strongly dependent on the presence of extremely alkaline conditions and on the use of limited concentrations of reducing agents. The best synthesis scenario has been demonstrated in the presence of thermally modified hydrotalcite supports that evolved to core-shell reconstructed structures with MgO-enriched composition in the outer layers and higher surface areas to ensure a good dispersion of Au NPs. The combination of MgO facets with the deposition-reduction process seems to maximize the successful deployment of triangular-shaped Au nanostructures and further corroborates previous theoretical calculations. Unlike the Au-HT catalyst with the untreated commercial support, the thermally modified Au-CHT maximized the NP-support interaction, enabled the major percentage of nanotriangles and ensured a proper colloidal stability to perform the catalytic experiments. The plasmonic nature of the gold NPs has enabled the development of a successful set of photocatalysts with enhanced response towards the selective reduction of 4-NP in the full spectrum spanning from UV to NIR wavelengths. Several plasmonic mechanisms can be involved in the high activity showed by the photocatalysts being near field enhancement and interband transition mechanisms the more plausible ones. Precise mechanisms of photocatalysts and photolysis under UV irradiation will need extra investigation. 
